Octopus optic glands employ a multiplex progression of signaling molecules to regulate maternal 33 behaviors. 34 35 1. Abstract 36
Upon arrival at our animal facilities, we examined octopuses for signs of injury such as 105 pre-existing skin lesions and missing arm tips. These animals were excluded from further study. 106
Octopuses were kept undisturbed for 4 days so they could habituate to our aquarium setup and 107 recover from the distress of flying. On the 4 th day, we began offering live prey items. Each day, 108 females had 4 live fiddler crabs available to them. Animals were observed twice daily (AM and 109 PM) and recorded overnight with a Sony Handycam FDR-AX100 to characterize their behaviors. 110
We observed 20 non-mated animals for at least 4 days before sacrificing and sexing them (see 111 sexual dimorphism is difficult to observe in our species, animals were definitively sexed after tissue harvest. Only females with mature ovaries, ovarian follicles, and no evidence of fertilized 123 eggs were considered non-mated females. 124
We also harvested arm tissue from the same cohort of animals. Transverse arm slices 125 corresponding to the 10 th row of suckers distal from the mouth on the second arms on the right 126 and left were cut into quadrants to facilitate tissue homogenization. Each arm piece was 127 separately flash frozen in Trizol and stored at -76°C until RNA extraction. Technologies Corporation, Carlsbad, CA) following manufacturer's instructions. RNA integrity 134 was checked with a Bioanalyzer 2100 (Agilent). Only samples with clean cephalopod rRNA 135 peaks and little to no evidence of degradation were used. Tissue from the right arm was 136 processed for RNA extraction and sequencing. The left arm was used in two samples of feeding 137
females when RNA quality from the right arm was poor. 138
Total RNA was polyA-selected and directionally sequenced at the University of Chicago 139
Genomics Facility on an Illumina HiSeq2500 machine, generating 100bp directional paired-end 140 reads with an insert size of 300bp. 141 142 3.5 de novo transcriptome assembly and differential gene expression analyses 143
Following removal of adapters and low-quality sequences, reads were assembled with the 144 Messenger, 1998). We confirmed this behavior in non-mated females in the lab: these animals 159 spent time outside of the den ( Fig 1A) and primarily hunted through a visually-directed jet-160
propelled "pounce" (Fig 1B and Movie S1) (Wells, 1978) . The female first watches the prey out 161 of one eye, then bobs her head up and down, likely acquiring depth information. Even while 162 moving her head, her pupil is kept perpendicular to gravity ( Fig 1A) . Following a swift pounce, 163 prey is captured in the interbrachial web ( Fig 1B and C) . Non-mated females consumed 164 1.31±0.76 crabs a day, sometimes skipping a day between meals. 165
Mated females in the first stage of brooding actively tended their clutch by guarding their 166 den, stroking eggs with their suckers, and blowing water over the eggs with their funnels 167 (Hanlon and Messenger, 1998; Wells, 1978 ). In the lab, feeding mated females consumed 168 1.17±0.70 crabs per day, with fewer than 3 days without a meal. Feeding females, however, 169 rarely left their egg clutches. Instead of capturing prey by stalking and pouncing, feeding females 170 peered out of their dens with one eye and grabbed prey as they moved passed the mouth of the 171 den ( Fig 2A and B and Movie S1). The presence of empty crab carapaces provided additional 172 confirmation that feeding females consumed food, rather than merely capturing and killing prey. 173
On average, mothers fed for 8±2.71 days before starting to fast. 174
Females in the second stage of brooding continued to care for eggs but abstained from 175 feeding, even though live prey items were available at all times ( Fig 2C and Movie S1). Females 176 who stopped feeding for 4 consecutive days were never observed to feed again, and we grouped 177 these animals into the fasting stage. 178
After 11±8.49 days, fasting mothers began a rapid decline. Behavioral signs of decline, 179 which have not been described previously, were observed before physiological signs ( Fig 3A) : 180 females left their clutches and spent time outside of the den, languidly sitting on the bottom of 181 the tank or persistently smashing themselves into the corners of the tank. The latter action led to Females also engaged in excessive self-grooming behaviors. Normally, octopuses run their first pair of arms over their mantles and head to remove ectoparasites and debris (Mather and Alupay, 185 2016) . Decline mothers moved all of their arms to groom, but often arms would only pass over 186 other arms, creating a turbulent mass of entangled limbs ( Fig 3A) . In a few cases, this over-187 grooming behavior was directly followed by self-cannibalization of the arm tips or suckers ( In addition, the pupils also gradually ceased to remain perpendicular to gravity, raising the 191 possibility that the central systems responsible for the vestibulo-ocular reflex deteriorate during 192 this stage. 193
In all cases, mated females progressed from feeding to fasting to decline before dying: 194 that is, mated females did not transition from feeding directly to decline without fasting, and We assembled transcriptomes of left and right optic glands harvested from multiple 201 individuals in each of the 4 stages (Table 2 ). Our assembled transcriptomes showed that the optic 202 glands from non-mated animals were the most different from the other optic gland samples 203 (Supplement Fig 2) . After estimating transcript abundance with RSEM, we identified 1,198 204 differentially expressed transcripts with edgeR and grouped them into 25 subclusters 205 (Supplement Fig 1) . Wodinsky's work suggested that optic gland signaling changes steadily over 206 time until reaching a threshold that triggers fasting and later death (Wodinsky, 1977) . In 207 selecting subclusters for further study, we were guided by two criteria. We excluded 12 208 subclusters that showed a departure from monotonicity: for example, when expression peaked in 209 only the feeding or fasting stages (Supplement Fig 3) . Another 5 subclusters demonstrated the 210 most marked transcript enrichment or impoverishment at the decline stage, the last stage of 211 brooding before death (Supplement Fig 4) . Because of sample scarcity (only 2 RNA-sequencing 212 samples in decline stage and a limited ability to pursue follow-up studies), we did not explore 213 these subclusters further. Five additional clusters showed monotonic changes and were studied with BLASTP as described below (Supplement Fig 5) . No candidate signaling molecules were identified. In total, we excluded 855 genes in 22 subclusters from further analyses. 216
We focused on the 343 remaining genes in 3 subclusters. Among these subclusters ( Fig  217   4 ), we saw dramatic transitions in differential gene abundance across behavioral stages. Two 218 subclusters showed increases in expression over time ( Fig 4A and B) , while the third showed a 219 drop in expression at the non-mated female to feeding mated female transition ( Fig 4C) . 220
We used BLASTN, BLASTP, and PFAM (Altschup et al., 1990; Finn et al., 2016) to 221 identify transcripts ( Fig 5) . In all clusters examined, there were many housekeeping genes, such 222 as actin and collagen. We also found predicted proteins with no homology to genes of other 223 species in available databases (downloaded October 28, 2015). These uncharacterized genes may 224 represent octopus-or cephalopod-specific proteins. All three clusters did, however, contain a 225 number of transcripts of particular relevance to optic gland biology. 226 Although the optic gland is regarded as a neuroendocrine organ, its mechanisms of 230 secretory release are unknown. We found transcripts implicated in neural signaling that increased 231 in abundance after mating and remained elevated through all brooding stages ( Fig 4A and 5A) : 232 synaptotagmin 12, synaptotagmin 15b, and clathrin. Huntingtin-interacting protein (HIP1) and 233 coronin showed a similar expression profile. Although not included in classical models of 234 synaptic transmission, proteins encoded by these two transcripts have in recent years been found 235 to be important for aspects of neuronal signaling (Borlido et al., 2009; Suo et al., 2013) . We also 236 saw increases in selected neurotransmitter receptors ( Fig 5B) , including an alpha subunit of 237 nicotinic acetylcholine receptor, and G-coupled protein receptors similar to octopamine and 238 neuropeptide S receptors in other species. Finally, signaling molecules, including candidate 239 signaling peptides and enzymes implicated in steroid biogenesis, were present in this subcluster 240 ( Fig 5C) . These results suggest that the optic gland is a site of active signaling during the 241 maternal period, and that the nature of this signaling is different from that of unmated female 242 optic glands. 243
fasting. 246
In this subcluster, we found that the insulin-binding protein Impl2 is enriched in the optic 247 glands of fasting and decline animals ( Fig 4B and 5D ). This transcript is joined in expression 248 dynamics by two others, tribbles homolog 1 (TRB1) and an additional isoform of synaptotagmin. 249 250 4.2.3 Blue cluster ( Fig 4C) : non-mated optic glands are enriched in neuropeptides that 251 precipitously drop in abundance in brooding females. 252
As in the other subclusters, we found genes encoding proteins involved in cell signaling 253 ( Fig 5E) , such as lipocalin and dopamine beta-hydroxylase. Particularly notable in this subcluster 254 are the feeding circuit-related neuropeptides and carboxypeptidase ( Fig 5E) . 255 256
Are molecular changes of the optic glands a reflection of global changes in gene expression? 257
The abundance of genes encoding neuropeptides in the non-mated optic gland and their 258 subsequent depletion in mated females motivated us to investigate whether molecular changes in 259 the optic gland were mirrored in other tissues of the body. Many of these tissues were sampled in 260 the arm transcriptomes, including axial nerve cords, suckers, muscles, chromatophores, and skin. 261
Using BLASTP and TBLASTN, we baited the arm transcriptomes from all behavioral stages 262 with the genes that were significantly enriched in non-mated optic glands (blue cluster, Fig 4C  263 and 5E). We were unable to recover any of the optic gland neuropeptides in the arm 264 transcriptomes. and Wells established that the octopus reproductive axis is similar to that of the vertebrate 270 hypothalamic-pituitary-gonadal axis (Wells and Wells, 1975; Wodinsky, 1977) . The optic gland, 271
analogous to the pituitary gland, is the fulcrum of the octopus reproductive axis; it is responsible 272 for innate reproductive behaviors and post-reproductive death. In this study, we confirmed that while brooding that precedes the fasting that typically defines the maternal period in octopuses 275 (Movie S1) (Hanlon and Messenger, 1998; Rocha et al., 2001) . 276
Our transcriptomic analyses reveal for the first time a molecular portrait of the optic 277 glands at the distinct behavioral stages of adult female octopus life. In particular, we found that 278 reproduction and the onset of fasting trigger major transcriptional activation in the optic glands. 279
Most importantly, multiple signaling systems of the optic glands, including catecholaminergic, 280 peptidergic, and steroidogenic pathways, are implicated in these behaviors. 281 282 5.1 Optic Gland Signaling Systems 283
Feeding peptides 284
Circulating neuropeptides have been extensively studied in molluscan feeding and 285
reproductive systems (Grimmelikhuijzen and Hauser, 2012; Jékely, 2013). Neuropeptides can 286 influence feeding behaviors through control of motor circuits or modulation of arousal or 287 satiation (Bechtold and Luckman, 2007). Strikingly, we found octopus homologs of these 288 neuropeptides enriched in the optic glands of non-mated female as compared with those of 289 brooding females: feeding circuit activating peptide (FCAP), allatostatin, FMRFamide, and 290
PRQFVamide. The latter 3 peptides have been shown to inhibit feeding behaviors in a diverse 291 range of animals. In Aplysia, FMRFamide and its related neuropeptides inhibits closure of the 292 radula muscle during feeding (Sossin et al., 1987) and in mice, FMRFamide inhibits feeding in . FCAP, on the other hand, initiates rhythmic feeding motor programs and may be 298 responsible for food-induced arousal (Sweedler et al., 2002) . 299
These data suggest that signaling from an ensemble of neuropeptides tightly controls the 300 feeding behaviors of non-mated animals. In many animals, mechanisms controlling feeding and 301
reproduction are tightly linked and enables metabolic shifts as the individual transitions from 302 growing and maturing to reproduction and tending to young (O'Dor and Wells, 1978) . 303 Drosophila females, for example, modify their feeding preferences to consume more protein 304 when they are about to lay eggs (Ribeiro and Dickson, 2010). The reduction in feeding circuit-related neuropeptides at the non-mated to mated transition strongly suggests that, in the octopus, 306 feeding and reproductive state also interact. 307
Although neuropeptide expression precipitously drops after reproduction, mated animals 308 continue to feed in the initial stage of brooding. However, feeding behavior between mated and 309 non-mated animals manifested in different ways: mated feeding octopuses captured crabs that 310 were within arm's distance of their dens rather than leave the den to pursue prey, as non-mated 311 females regularly did. This behavioral switch suggests that different feeding strategies are 312 optimal for non-mated and mated females: the feeding-related peptides may regulate energy 313 expenditure or drive to hunt for food. Our data also raise the possibility that redundant 314 peptidergic pathways, or additional non-peptidergic systems, control feeding behaviors. These 315 systems may be independent of the optic gland. 316
These neuropeptides may also broadly participate in neurotransmission well beyond 317
feeding. If this is the case in the octopus, peripheral tissues would also express these 318 neuropeptides. We checked if these neuropeptides were present in the arm transcriptomes, which 319 included nervous tissue (axial nerve cord), muscle, skin, chromatophores, and suckers. 320
Expression changes of these genes in the arms would suggest that global changes in neuropeptide 321 signaling accompany the aging and senescence process in general. However, all feeding-related 322 neuropeptides in the blue subcluster ( Fig 4C and 5E) were missing from the arm transcriptomes, 323
suggesting that their expression is a specific feature of the optic gland. These data are surprising 324 since the optic glands previously have not been implicated in feeding per se. Future experiments 325 will reveal if these neuropeptides are functionally conserved in octopuses. 326 327
Steroid biosynthesis 328
Steroids are one of the most evolutionary ancient classes of signaling molecules (Baker, 329 2011; Nelson and Studer, 2015). Derived from cholesterol, steroids include the sex hormones 330 and corticosteroids. We found that a collection of cholesterol-metabolizing enzymes increased in 331 expression in the first stage of brooding and remained elevated through the maternal period. Our study is the first to implicate the optic glands in the production of progesterone and 342 other steroid hormones. Cellular and molecular mechanisms of steroid hormone signaling in 343 octopuses may be different from what has been described previously in the vertebrate 344 neuroendocrine systems. Substrate specificity of these enzymes may differ between species 345 (Antebi, 2015). Functional characterization of these enzymes or identification of steroid 346 metabolites will be particularly useful going forward. Moreover, steroid signaling in molluscs 347 may not be mediated through the receptors orthologous to those identified in vertebrates 348 Our data reveal that expression of ImpL2 increased at the transition from feeding to 356 fasting ( Fig 4B and 5D) . In Drosophila, ImpL2 is a homolog of insulin-like growth factor Bilder, 2015; Kwon et al., 2015) . These remarkable similarities lead us to predict that the role of 372 Impl2 as an antagonist of the insulin/IGF-signaling pathway is functionally conserved between 373 octopuses and Drosophila. 374
ImpL2-induced tissue wasting is independent of food intake in Drosophila: tumor-375 bearing hosts with high ImpL2 signaling show no differences in food ingestion or feeding 376 behavior from that of control hosts, and high calorie food was insufficient to prevent tissue Our results suggest that ImpL2 is intimately tied to feeding behaviors in octopus and 384 implicate the optic glands as a regulator of insulin signaling. These data raise the possibility of a 385 conservation of function in insulin-signaling pathways with animals as distantly related as 386 humans and octopuses. Indeed, clinical work on humans has shown that cachexia and other 387
Our finding mirrors existing data on the organization of the vertebrate reproductive axis: 399 synaptotagmins and other proteins involved in classical neurotransmission are differentially 400 expressed in the anterior pituitary gland where they are involved in the release of signaling 401 vesicles and other secretory granules (Jacobsson and Meister, 1996) . Moreover, the enrichment 402 of neurotransmitter receptors (Fig 5B) , including octopamine receptor, neuropeptide S receptor, 403 and a subunit of nicotinic acetylcholine receptor, suggests that the optic gland undergoes shifts in 404 the signals it receives from the central brain, or in auto-or endocrine signaling, after 405
reproduction. 406
Optic glands of non-mated animals showed elevated expression of dopamine β-407 hydroxylase (DBH, Fig 5E) , an enzyme involved in the synthesis of catecholamine 408 neurotransmitters. DBH has been shown to catalyze the β-hydroxylation of dopamine to 409 norepinephrine in vertebrates and tyramine to octopamine in invertebrates (Fernstrom and 410 Mechanisms of death differ among animal systems exhibiting semelparity. In several 419 vertebrate species, it is believed that the metabolic cost of gamete production and finding a mate 420 are so high that death is inevitable (Fisher and Blomberg, 2011; Kindsvater et al., 2016) . 421
Semelparity in octopuses cannot be explained by the large metabolic output required to produce 422 and deposit eggs: glandectomized animals can reproduce again (Wodinsky, 1977) . Instead, it is 423 likely that other evolutionary mechanisms drive post-reproductive death. Coleoid cephalopods 424 are cannibalistic: hatchlings from the same clutch often eat each other, and females sometimes 425 kill males after reproduction (Hanlon and Messenger, 1998). Post-reproductive death is an 426 undeniably effective method in ensuring that the reproductive female does not consume her individuals continue to undergo logarithmic growth as adults (Gricourt et al., 2003; Nixon, 1969; 429 Van Heukelem, 2010; Wells and Wells, 1970) . Endless growth without death would so skew 430 octopus populations towards large, old adults that hatchlings would be unlikely to compete. 431
Programmed organismal death in coleoids may exist as a mechanism to safeguard the survival of 432 the next generation of these voracious predators. 433
In Pacific salmon Oncorhynchus kisutch, steroid hormone signaling has been implicated 434 as the cause of death after spawning. Elevated cortisol levels mediate programmed death through 435 tissue degeneration and impaired homeostatic ability (Robertson and Wexler, 1960) . Our data 436
show that steroid signaling is one of several pathways implicated in octopus post-reproductive 437 death. Although we do not see molecular evidence of cortisol signaling per se in our data, the 438 enrichment of cholesterol-metabolizing enzymes in mated females suggests that steroid 439 metabolites are crucial to semelparity in octopuses. It will be important to identify the steroids in 440 the optic gland and assess the contributions of steroid and ImpL2 signaling, along with the 441 reduction in feeding peptides and catecholamine signaling, in cephalopod post-reproductive 442 death. 443 444
Conclusions 445
Our transcriptome findings suggest that, far from secreting a single hormone, the optic 446 gland likely enlists multiple signaling systems to regulate post-reproductive behaviors and death 447 ( Fig 6) . Among these are neuropeptidergic systems and cholesterol-derived hormone signaling. 448
Our data raise the possibility that prior to mating, optic gland signaling is dominated by 449 neuropeptides and catecholamines, whereas after mating, it is dominated by steroid hormones. The oviducal glands, which produce substances that cover the eggs, are candidates. These 464 glands, along with the gonads and oviducts, were found to increase in size as the optic gland 465 enlarges (Wells and Wells, 1959; Wells and Wells, 1975 Our study extends the optic gland-pituitary analogy and uncovers similarities between the 474 optic glands and the vertebrate adrenal glands, demonstrating that the organization and function 475 of the optic glands may be even more pivotal for octopus organismal physiology than previously 476 appreciated. 477 478
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Figure Legends

Fig 2. Brooding females feed and then fast. A)
In the first stage of brooding, females actively tend to their eggs and feed. The pupils of feeding females remain perpendicular to gravity. B) Feeding females capture and kill live prey, but only without leaving the home den. White arrowhead indicates the legs of a captured fiddler crab extending from beneath the arms. C) Fasting females continue tending to their clutch but abstain from feeding even when live prey (red arrowhead) are within reach. 
